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ABSTRACT
Efficient transcription of many Saccharomyces
cerevisiae genes requires the GALl1 Protein. GALl1
belongs to a class of transcription activator that lacks
a DNA-binding domain. Such proteins are thought to
activate specific genes by complexing with DNA-bound
proteins. To begin to understand the domain structurefunction relationships of GALl 1 we cloned and
sequenced a homologue from the yeast Kluyveromyces
lactis, KI-GAL 11. The two predicted GAL1i proteins
show high overall amino acid conservation and an
unusual amino acid composition including 18%
glutamine, 10% asparagine (S.cerevisiae) or 7%
(K.Iactis), and 8% proline (K.Iactis) or 5% (S.cerevisiae)
residues. Both proteins have runs of pure glutamines.
Sc-GALl1 has glutamine-alanine runs but in KI-GALI 1
the alanines in such runs are replaced by proline and
other residues. The primary sequence similarity is
reflected in functional similarity since a gall 1 mutation
in K.Iactis creates phenotypes similar to those seen
previously in gall 1-defective S.cerevisiae. In addition,
KI-GALl1 complements a gall 1-defect in S.cerevisiae
by partially restoring induction of GAL1 expression,
growth on nonfermentable carbon sources, and
phosphorylation of GAL4.
INTRODUCTION
Proper regulation of gene transcription is essential for normal
growth of eucaryotic cells. Regulation is generally achieved by
the binding of one or more specific proteins, transcriptional
activators or repressors, to DNA sequences located near, but not
always in front of the target gene. In addition to their DNA-binding
domain, activators also have one or more domains that are thought
to contact the transcription initiation machinery and thereby activate
or increase the rate of transcription initiation (1). Increasing
evidence points to the existence of another class of activator that
lacks a DNA-binding domain. Activators of this type stimulate
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transcription of specific genes by complexing with DNA-bound
proteins. Examples of this type of activator are the adenovirus
Ela protein (2), the herpesvirus HP16 protein (3), and the GALl 1
(4) and HAP4 (5) proteins of Saccharomyces cerevisiae.
Determining how proteins of this type activate transcription and
participate in complex regulatory pathways will be essential for
understanding normal processes including cell differentiation and
division and pathological states including cancer.
A variety of studies show that GALl 1 regulates transcription
of diverse and seemingly unrelated genes in S. cerevisiae. GAL 11
was first identified as a gene essential for galactose fermentation
and full induction of the galactose regulon (6). A gall] mutation
reduces induction of the GALl, 7, and 10 enzyme activities to
10-30% of the wild type level (6), a result that has been shown
to be due primarily to a reduction of GAL gene transcription (4).
A mutation in GAL] also suppresses a transcription defect caused
by insertion of the yeast retrotransposon Ty (7, 8). GAL 11 is
essential for normal growth on nonfermentable carbon sources
(4), for sporulation, and mating (8, 9).
It has been proposed that GALl1 increases transcription by
complexing with DNA-bound activators such as GALA (9, 10)
and GRFI/RAP1/TUF (9) with the complex contacting some
component(s) of the transcription initiation machinery. GALA,
a positive regulator of the galactose-melibiose regulon (11), is
composed of a C6 zinc finger-like DNA-binding domain at its
amino terminus (12, 13, 14, 15), a negative regulatory domain
at its carboxy terminus for interaction with GAL80 (16, 17, 18,
19), and two acidic transcription activation domains, residues
148-196 and 768-881 (20). GAIA binds upstream activator
sequences (UASG, 17 bp in length) found in multiple copies in
front of each gene in the galactose regulon (21, 22). GALA's
ability to activate transcription is controlled by GAL80, a negative
regulatory protein (23). In the absence of galactose, GAL80
complexes with GAL4 (24) and prevents activation of
transcription. When an inducer such as galactose is added to the
culture medium, the GAL80 block is released and transcription
is activated by GALA (23, 24).
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Physical evidence for a direct interaction between GAL 11 and
DNA-bound activators is lacking, but genetic evidence has been
obtained (10). These experiments began with a yeast strain carrying
the weak activator GAL4(1-147) +AH in place of the GALA gene.
In GAL4(1 - 147) +AH the first 147 residues of GAL4 are fused
to a 15 amino acid peptide designed to form an amphipathic helix
with an acidic face (designated AH, 25) that activates transcription.
A strain producing GAL4(1 - 147)+AH cannot grow on medium
containing galactose as the sole carbon source because the AH
domain is a weak activator. However, it was possible to select
strains that grew on galactose and they turned out to have a GAL 11
variant (GALlIP) with isoleucine instead of asparagine at residue
225 (10). These data argue that GAL 11 complexes with GALA
and that GAL 11 has the capacity to activate transcription.
Himmelfarb et al. (10) demonstrated that GAL 11 can activate
transcription when the protein is covalently tethered to a DNAbinding domain (9). In addition to one or more activator domains,
GAL 11 must have a domain for recognizing the C6 zinc finger
of GAL4 (10). Interestingly, gall] mutants are deficient in the
occurence of a phosphorylated form of GALA that correlates with
high level GALA protein-dependent transcription (26, 27, 28).
Thus, association between GALl1 and GALA may serve to
expedite phosphorylation of GALA.
To further understand the function and domain structure of
GALl we have isolated and sequenced the GAL] I homologue
from the yeast Kluyveromyces lactis. We showed previously that
the galactose-lactose regulon of K. lactis has many similarities
to the galactose-melibiose regulon of S. cerevisiae. For example,
the K lactis GALA homologue, termed LAC9, complements a gal4
mutation and allows expression of the S. cerevisiae galactose
regulon (29). Likewise, GAL4 complements a lac9-defective
strain of K. lactis and allows growth on galactose (30). Here we
show that the overall sequence similarity of the S. cerevisiae and
K. lactis GAL 11 proteins is high with several strongly conserved
regions. The primary sequence conservation is reflected in
conservation of function since the K. lactis GAL] gene
complements a gall] mutation in S. cerevisiae.

MATERIALS AND METHODS
Strains, media, and genetic techniques
The S. cerevisiae strains used in this study are listed in Table 1.
Strains JD179 and JD180 were derived from strain 7B520 by
gene replacement. Ten micrograms of pKl- 11-5 (Figure 1) DNA
were digested with Sacl and KpnI to release the URA3-deleted
gall] gene from the vector and the DNA was used to transform
strain 7B520 with selection for Ura+ cells (29). Chromosomal
DNA from Ura+ transformants was checked by Southern
blotting to verify that the chromosomal GAL]] locus had been
replaced by the gall]A1 allele (data not shown). The ability of
JD179 and 7B520 to mate with tester strains (MS 15 and MS425)
was compared using standard procedures (29) in which the
formation of diploids was measured by selection for
complementation of auxotrophic markers. Diploid formation was
verified by sporulation.
YPGal medium contained 20g galactose, 5g yeast extract
(Difco), lOg peptone (Difco), and 25mg adenine per liter. Media
for plates contained 20g agar per liter. The phenotype of
S. cerevisiae gall strains was checked on YPGal-EB plates which
are YPGal plates spread with 0.4ml of ethidium bromide (1.5
mg/ml): gall] strains fail to grow on these plates (6). K. lactis
minimal medium (Min) has been described (19) as has the

5 x buffered synthetic media used for some experiments with
S. cerevisiae (26). Min was supplemented with glycerol (2% w/v;
MinGly), glycerol (3%) and potassium lactate (2%), pH 5.5
(MinGlyLactate), sorbitol (2%, MinSorb), lactose (2%, MinLac),
galactose (2%, MinGal) or sorbitol plus galactose (2 % each,
MinSorbGal). Plasmids were maintained in strains by omission
of the appropriate supplement(s) from the medium.

Plasmids
The plasmid pLM39 (Figure 1), carrying the K. lactis GAL]I
gene, was selected from a K. lactis genomic DNA library (a gift
form Chiron, Emeryville, CA) carried pAB24. This plasmid has
a 2 micron replicon for high copy-number propagation in
S. cerevisiae and the URA3 and LEU2 selectable marker genes.
K. lactis DNA, partially digested with Sau3A to 9kb average size,
was inserted in the BamnH 1 site of the pBR322 portion of pAB24.
GAL]] was localized in the 8kb insert of pLM39 by deleting
portions of the insert and the adjacent URA3 gene (Figure 1):
in pLM39,AB a 4kb region of the insert between the BamnH 1 sites
was deleted; in pLM39ABg a 2kb central portion between the
two BglII sites was deleted; in pLM39ASma the 1.2kb region
between the two SmaI sites, one in URA3 and one in the insert,
was deleted. pKl-1 1-5 was constructed by cloning the 3.2kb SmaIBglII fragment from pLM39, carrying the 3' two-thirds of
GAL]], into a vector lacking the EcoRV site. This intermediate
plasmid was cut with EcoRV to release a 1. 1kb portion of GAL]I
(Figure 1) and the released fragment was replaced with a bluntended 1.1kb fragment carrying the URA3 gene of S. cerevisiae
to give pKl-1 1-5. pLM52 was made by ligation of a 4.4kb BamnHl
fragment containing the S. cerevisiae GAL]] gene (28) into the
BamHl site of YEp24 (New England Biolabs). pLM66 (Figure 1)
was constructed by partially digesting pLM39 with SmaI, and
religating in the presence of BglIH linkers (New England Biolabs,
# 1036); the SmaI site near URA3 and about 0.5kb upstream of
the Kl-GALI gene in pLM39 was converted to a BglII site by
this procedure. pLM75 and pLM76 (Figure 1) were constructed
by ligating the 4.7kb Kl-GALI]-containing BglII fragment from
pLM66 into BanH 1 digested YEp24 and isolating plasmids
containing the insert in opposite oreintations.
Table 1. S. cerevisiae and K. lactis strains
Strain Name

(S. cerevisiae)
Sc252
Sc285
Sc525
Sc532

Sc559
Sc561

Sc562
(K. lactis)
7B520
MS 15
MS425
JD179&JD180

Genotype

Reference

MATa ura3-52 leu2-3 leu2-112 adel ile
MATa ura3-52 leu2-3 leu2-112 adel ile
ga/8Oz(derived form Sc252)
MATa ura3-52 leu2-3 leu2-112 adel ile
gallIA::LEU2 (derived from Sc252)
MATa ura3-52 leu2-3 leu2-112 adel ile
gallJA::LEU2 gal8OA (derived from Sc285)
MATa ura3-52 leu2-3 leu2-112 adel ile
gal4A:::leu2 gal80A (derived from Sc285)
MATa ura3-52 leu2-3 leu2-112 adel ile
gal4zA::leu2 gal 11A::LEU2
(derived from Sc252)
MATa ura3-52 leu2-3 leu2-112 adel ile gal80O
gal4A:: leu2 gal Il A:: LEU2
(derived from Sc285)

26

MATa ura3-1 his2-2 trpl-l
MATa gal 10-5 lysl- I
MATTa lac4-8 adel-l
MATa ga/IM5 ura3-1 his2-2 trpl-I

26

28
28

this work
this work
this work

29
unpublished
unpublished
this work

~.*
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Miscellaneous procedures
Double-stranded plasmid DNA was sequenced by the dideoxynucleoside procedure using Sequenase 2.0 according to the
suppliers instructions (USB, Cleveland, OH). fl-galactosidase
assays were performed on cell extracts as previously described
(29). Preparation of yeast cell extracts for western blotting and
western blotting techniques have been described elsewhere as has
the galactokinase assay performed on cleared yeast homogenates
(26, 28). MEL] expression (secreted a-galactosidase enzyme
activity) was monitored by an agar overlay assay (31). Total
K. lactis RNA was prepared (29) and size-fractionated by
electrophoresis on an agarose gel (32). The RNA was transferred
from the gel to a nylon membrane (BIOTRANS Plus, ICN
Biomedicals, Inc., Costa Mesa, CA) by vacuum blotting
(Posiblot, Stratagene, LaJolla, CA) and the RNA was covalently
coupled to the membrane by treatment with ultraviolet light.
32P-labeled riboprobes were prepared using a kit containing T7
RNA polymerase (Stratagene). Hybridizations and washings were
done according to the procedure recommended for BIOTRANS
Plus by the manufacturer.

was rescued by transformation into E. coli (33) and restriction
sites were mapped in the 8kb insert of one plasmid termed pLM39
(Figure 1). Transformation of Sc532 with pLM39 gave Ura+
cells all of which were capable of growth on YPGal-EB plates,
and which grew more robustly on plates containing the
nonfermentable carbon sources glycerol and lactic acid compared
to Ura+ transformants that lacked the K.lactis DNA insert
carried in pLM39 (data not shown). The galactose fermentation
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Figure 1. Diagram of KI-GALl 1. The 8kb Klactis insert in plasmid pLM39
is shown. Not shown are vector, pAB24, sequences including URA3 which lies
on the left side of the insert and pBR322 sequences which lie on the right side
of the insert. The region deleted three derivatives of pLM39 is shown by brackets.
The ability of each plasmid to complement the galllA::LEU2 mutation in
S.cerevisiae strain Sc525 by allowing growth on YPGal-EB plates is indicated.
The gallAI allele in Klactis strains JD179 and JD180 is shown. Restriction
sites are: B, BamHl; Bg, BglII; R, EcoRV; Sa, Sau3A; Sm, SmaI. Not all of
the EcoRV sites in the insert are shown.
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RESULTS
Isolation of Ki-GALJI
The similarities between the galactose regulon in S. cerevisiae and
K.lactis permitted the isolation of the K lactis GALl1 homologue,
termed Kl-GALII, by complementation of a S. cerevisiae galilA
strain. Indeed, our results indicated that efficient LAC9-dependent
activation of GAL gene expression in gal4A strains of S.cerevisiae
required GAL1 function (Mylin and Hopper, unpublished
results). S. cerevisiae strain Sc532 (galilA::LEU2 gal8OA) was
transformed with a K. lactis genomic library carried in a multicopy number vector with selection of Ura+ cells. Transformants
were replica plated to YPGal-EB plates to screen for cells that
could ferment galactose. Plasmid DNA from galactose fermenters
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F1gure 2. Comparison of predicted GAL 11 protein sequences. The upsteam DNA
sequence of the Kl-GALIJ gene is shown followed by the predicted protein
sequence. The K lactis (K0) and S. cerevisiae (Sc) GAL1 1 protein sequences were
compared using the computer program CLUSTAL4 (34). Positions of amino acid
identity are indicated by a (*), similar amino acids by a (.), and gaps by a (-).
A potential TATA box is overlined and stop codons in-frame with the predicted
start codon are indicated by arrows.
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Table 2. Phenotypes of a Klactis strain defective in gall1

,B-galactosidase activity
Strain

Uninduced GalactoseInduced

LactoseInduced

Doubling time (min)
MinGly-

MinGal

Lactate

il..

".

A-

JD179(galJlM]) 129±38 1545+370 1188+51 169+ l0 224± 10
7B520(GALIl) 250 + 76 5678 + 1000 5650 + 642 86 + 7 104 + 5
3-galactosidase activity is expressed as nanomoles of substrate hydrolysed per
min per milligram of protein (30). Cells for the uninduced, galactose-induced,
and lactose-induced measurements were grown on MinSorb, MinGal, and MinLac,
respectively. Values are the average of four measurements except for lactoseinduced cells which represent three measurements. Doubling times were determined
on cells sonicated for 30 seconds prior to measuring the cell density at 600nm
in a spectrophotometer.

phenotype conferred by pLM39 was dependent upon GAL4 since
pLM39 was unable to complement for growth on YPGal-EB
plates or activate MEL] expression when transformed into gal4'A
gal l A strains Sc56 1 and Sc562 (data not shown). pLM39 did
restore more robust growth on glucose and nonfermentable
carbon sources in gal4A gall A cells (data not shown). Together,
these results indicate that the insert carried in pLM39 encodes
a GAL4-dependent co-activating function that is necessary for
expression of the galactose regulon in gal] IA S. cerevisiae strains,
and provides GALA-independent functions necessary for robust
growth on carbon sources other than galactose. These results
suggest that pLM39 carries a putative K. lactis GAL] homologue.
DNA sequence of Kl-GALII
The location of Kl-GALII in pLM39 (Figure 1) was determined
by making internal deletions in the plasmid and then determining
if the deleted plasmid complemented the gal]] defect in Sc525
cells and allowed growth on YPGal-EB plates. The DNA
sequence of the 4kb region containing Kl-GALI I (Figure 1) was
determined on both strands of DNA and the sequence was
scanned by computer for open reading frames. Only one large
open reading frame was detected. The sequence of the protein
predicted to be coded by it was compared to the predicted
S.cerevisiae GALI1 (Sc-GALl1) protein sequence. This
comparison (Figure 2) revealed sequence similarity over nearly
the entire length of both proteins including several subregions
with high amino acid identity.

Phenotype of K.lactis strains defective in galll
An internal deletion in Kl-GALl], between the EcoRV restriction
sites (Figure 1), was created in the K. lactis genome by gene
replacement to give strains JD179 and JD180 (galHlAI). If the
cloned Kl-GALII is the homologue of the S.cerevisiae GAL]]
gene, we would expect strain JD 179 to show a reduced level of
galactose-lactose enzymes following induction, and a slower
growth rate on galactose and nonfermentable sugars such as
glycerol and lactate. Using the endogenous K. lactis ,3galactosidase activity as a measure of induction of the galactoselactose regulon (29), these predictions were all verified (Table
2). As a control for growth rate we grew cells on defined medium
(Min) and complex medium (YP) containing glucose as a carbon
source and found that the rate of growth was the same for the
galH]AI strain (JD179) and the GAL]] strain 7B520 (data not
shown). The uninduced level of ,B-galactosidase activity in strain
JD179 was reduced about 50% relative to wildtype strain 7B520,
indicating that the GAL 11 protein affects basal level gene
expression in addition to induced expression. In S. cerevisiae the

Figure 3. Mutation of GAL] / affects LAC4 transcription. The role of K1-GALI I
in basal and galactose-induced transcription of LAC4 was measured in a
gall1-deleted strain (JD179) and a GALII strain (7B520). Total RNA from
uninduced cells grown in MinSorb or induced cells grown in MinSorbGal to midlog phase (OD6wnm = 0.5 to 1) was prepared for Northern blot analysis as
described in Materials and Methods. The blot was probed first with a 32P-labeled
LAC4 riboprobe and then with a IPP 32P-labeled riboprobe. IPP encodes an
inorganic pyrophosphotase (35) which was used as a control for mRNA
concentration. The autoradiograms were scanned with a laser densitometer and
the density of LAC4 and IPP bands is expressed as a ratio as shown under the
autoradiogram. The photograph was overexposed to make the less dense bands
more visible. Symbols are: zA = strain JD179 (galllAl); wt = strain 7B520
(GALlI).

basal or uninduced level of GAL gene expression is too low to
be detected, so it is not likely that a gall] mutation has any effect.
Basal level expression of MEL] might be reduced by a gall]
mutation since GAL4 regulates MEL] expression (31).
Additionally, we noted that JD 179 formed clumps of cells when
grown on MinGal or MinGlyLactate, a phenotype shown by
Sc525 (gall]LA::LEU2). Finally, JD179 showed a hundred-fold
reduction in mating ability compared to the isogenic GAL]]
parent strain, 7B520 (data not shown).

The galllAl mutation reduces transcription of LAC4
LAC4 codes for 3-galactosidase and is one of five inducible genes
comprising the lactose-galactose regulon of K. lactis. Northern
blotting was used to determine if LAC4 transcription requires the
GAL 11 protein. The data shown in Figure 3 demonstrate that
inducible transcription of LAC4 is reduced 80% (27 vs 140-fold
induction of mRNA) in strain JD179 (gallLAl) relative to strain
7B520 (GAL]]). This reduction is similar to that seen in fgalactosidase activity (Table 2) and indicates that the primary
effect of the gal]LAIl mutation is on transcription. We do not
know if the IPP mRNA level is influenced by codon sources.
Therefore, we only compared the LAC4 mRNA level for cells
grown under the same conditions (compare lane 1 with lane 3
and lane 2 with lane 4). The comparison of uninduced cultures
(lanes 1 and 3) suggests that the gal 11 mutation has no effect
on the basal level of LAC4 rnRNA. However, the relative level
of LAC4 mRNA is 1 ± 0.5 so there could be only half as much
LAC4 mRNA in the gal]lAI strain JD179 as in the wildtype
strain 7B520. This difference would be similar to the observed
difference in f-galactosidase activity (Table 2).

Kl-GALIJ partially complements a galll-deletion in
S. cerevisiae
The initial characterization of Kl-GALI (pLM39) in S. cerevisiae
indicated that the gene could complement the gall]LA mutation
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Table 3. Galactokinase (GALl) activity levels in S. cerevisiae transformants.
Strain Relevant

Genotype

Plasmid
(Description)

00

Galactokinasea % relative
activity level expression

CA

°

0t 0..
o

Sc285
Sc532
Sc532
Sc532
Sc532
Sc559

gal80A
galllA gal80A
galliA gal8OA
galllA gal80A
ga1llA gal8OA
gal4A gal80A

YEp24 (vector)
YEp24 (vector)
pLM52 (+Sc-GALl l)C
pLM75 (+Kl-GAI41Ia)d
pLM76 (+Kl-GAL IIb)d
YEp24 (vector)

37.8-0.9
4.8 ±0.06
26.5 0.7b
10.9 0.1
11.1 _0.1
0.12 ±0.05

143
18
100
41
42
0.5

aGalactokinase activities are expressed as cpms of filter-bound radiolabeled
galactose-l-phosphate per microgram yeast extract protein per minute. The values
were derived from triplicate determination of duplicate cultures of each
transformant.
bThis value was taken as 100%.
cIndicates the S.cerevisiae GALII gene inserted into YEp24 (see Materials and
Methods).
dThese plasmid descriptions correspond to the labeling of Figure 4. Kl-GALl la
and Kl-GALl lb indicate opposite orientations of the K lctis GAL] I gene inserted
into YEp24 (see Materials and Methods).

for growth on nonfermentable carbon sources. Two other known
functions of Sc-GAL 11 are co-activation of galactose gene
expression (4, 6) and production or stabilization of phosphorylated
forms of the GAIA protein (26, 27, 28). The ability of K1-GALJ1
to complement both of these functions was quantified. For the
co-activation function galactokinase (GALl) activity was
measured. The data (Table 3) demonstrate that Kl-GAL]I carried
on a medium copy-number vector increases galactokinase activity
above the level seen in a galJJA strain (41-42% vs 18%) but
does not bring activity up to the level given by Sc-GALI (100%).
Thus, under these conditions Kl-GALI] only partially
complements the galJlA defect in S.cerevisiae.
Two phosphorylated forms of GAL4 have been identified due
to their reduced mobility during SDS-PAGE. The slowest
migrating form, GAL4III, is correlated with maximal or near
maximal galactose gene expression (26). Gal4lI is not detected
in extracts prepared from gaillA cells and, therefore, the
formation and/or maintenance of GAL4III requires Sc-GALI]
(28). To assay the ability of K1-GALJ] to promote formation of
GAL4III, Western blots of cell extracts from the same gal80A
transformants represented in Table 3 were probed with GAL4
antibody. Under the growth conditions used for the assay, cells
grown long term on galactose, GAL4 protein is typically present
in forms GAL4I and GAL4III (Figure 3, lanes 2 and 4; see also
reference 26). Under the same growth conditions, galliA cells
exhibit both reduced levels of total GAL4 protein, nondetectable
levels of GAL4HI, and reduced, but variable, levels of GAL4II
relative to GAL4I (lane 3; see also reference 28). Kl-GALI 1
appears to partially restore GAL4 protein behavior typical of ScGAL 11 wild type cells. The presence of Kl-GAL1 1 increases
the amount of GAL4 protein to a level more characteristic of
wild type cells (compare lanes 5 and 6 with lane 3). Moreover,
Kl-GAL1 1 reestablishes some phosphorylation of GAIA that is
absent in Sc-GALl 1 wild type cells (compare lanes 5 and 6 with
lanes 4 and 2). However, it is clear that Kl-GALl 1 does not
substitute perfectly for Sc-GALl 1 since the distribution of GALA
phosphoforms migrating slower than GALAII is heterodisperse
in its presence compared with Sc-GALl 1. One possible
explanation for these results and the incomplete complementation
for GALI expression (Table 3) is that the concentration of KlGAL 1 is lower than the Sc-GALl 1 concentration. At this time
we cannot rule out this possibility.
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Figure 4. Western blot analysis of GA14 protein phosphoforms in S.cerevisiae
gallA cells bearing the Klactis GALI gene. S.cerevisiae transformants (see
below) were grown at least 5 generations in 5xbuffered synthetic medium
containing galactose, glycerol and lactic acid as carbon sources. Cells were
harvested from 32 ml of medium (OD60wnm = 0.2-0.26), extracts were
prepared, and volumes of cell extracts representing 30 jig of protein were assayed
for GAL4 protein phosphoforms by Western immunoblotting. The GAL4 standard
(GAL4 STD) contains GAL4 protein forms GAL4I, GAL4II and GAL4HI, and
has been described elsewhere (26). Symbols are: Vector, YEp24 only; SCi 1,
YEp24 + S.cerevisiae GALH gene (pLM75); Klllb, YEp24 containing the
Klactis GALH gene in the opposite orientation (pLM76); 80A, gal80A strain
Sc285; 80A 1IA, gal80A galllA strain Sc532; 4A 80A, gal4A gal80A strain
Sc559.

DISCUSSION
Several lines of evidence lead us to conclude that the K. lactis
homologue of the S. cerevisiae GALI1 gene has been isolated.
First, the gene, Kl-GALJJ, complements S. cerevisiae strain
Sc532 (gallJA::LEU2 gal80A) enabling the strain to ferment
galactose, to grow robustly on nonfermentable carbon sources,
and to express the GAL] gene as measured by galactokinase
activity. Second, the Kl-GALJJ gene partially restores
phosphorylation of GALA in a S. cerevisiae gall IA strain. Third,
partial deletion of GALl 1 in K. lactis produces the same
phenotypes as does a similar mutation in S. cerevisiae: a reduced
rate of growth on nonfermentable sugars and galactose, reduced
expression of GAL genes (LAC4) under fully induced conditions,
reduced mating, and clumping of cells grown on galactose or
a nonfermentable sugar. Finally, the predicted sequence of the
Kl-GALl 1 protein is similar to the predicted Sc-GALl 1 protein
(Figure 2).
The overall sequence similarity of KI-GALl 1 and Sc-GALl 1
is significant, particularly since another pair of functional
homologues, LAC9 and GAL4, from the galactose regulon of
K. lactis and S. cerevisiae, respectively, show much lower
similarity. Using the program CLUSTALA (34) to compare the
two pairs of proteins, and excluding the amino terminus of Kl-

GALl1 and LAC9 in the comparisons (these regions have no
counterpart in their S.cerevisiae homologues), we find 44% of
the residues are identical and 37% are conserved for the KIGALl1/Sc-GALl1 pair in contrast to 24% identity and 35%
similarity for the LAC9/GAL4 pair. Since a large number of
residues, 1008 and 946, respectively, were compared in each
pair the differences seem unlikely to be due to chance events.
The primary sequence conservation between KI-GALl 1 and
Sc-GALl 1 suggests strong evolutionary pressure to maintain the
overall conformation of the proteins. Several regions of high
similarity (Figure 2), including S.cerevisiae residues 6-235,
299-522, and 728-939, are likely to comprise one or more
functional domains. Smaller regions of similarity are likely to
be important for function also. Experimental support for the
functional importance of the 6-235 region comes from
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Himmelfarb et al. (10) who showed that changing asparagine 225
to an isoleucine produces a variant of GALl 1 (GALlIP) that
is able to turn the weak activator GAL4(1 -147) +AH into a
strong activator. Since asparagine 225 of Sc-GALl 1 is conserved
in KI-GAL1 1 we predict that it lies in a conserved functional
domain. The function of this domain or any other domain in
GAL 11 is unknown, but previously suggested possibilities include
a domain for contacting the transcription machinery (9, 10) and
the GAL4 DNA-binding domain (10).
Both GAL 1I proteins have an unusual amino acid composition
with 18% glutamines, 8% serines, 8% (Ki) or 5% (Sc) prolines,
and 10% (Sc) or 7% (K1) asparagines. Runs of glutamines,
asparagines, and glutamines-alanines in Sc-GAL11 have been
noted (4). Kl-GAL1 1 also has glutamine runs but not asparagine
runs and the glutamine-alanine runs tend to have prolines or
serines in place of alanines (compare for example the S. cerevisiae
residues 300-336 to the corresponding K. lactis residues,
Figure 2). KI-GAll1 has a short proline-alanine stretch near its
amino terminus. We note that these runs are concentrated in the
amino half of both GAL 1I proteins. The carboxy half of ScGAL 11 is rich in proline, serine and threonine residues (10) while
the same is true for KI-GALl 1 except for prolines, which are
more abundant in the amino half of the protein (Figure 2). Like
Sc-GALl 1, the predicted KI-GALl 1 protein lacks acidic regions
that might activate transcription. The domain(s) used for
activation of transcription remains unclear although examples of
glutamine-rich and proline-rich activators are known (1).
The data presented here provide the foundation for a rational
dissection of the domain structure and function of GALl 1 using
molecular genetic and biochemical approaches.
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